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an estimate of the pressure 1 km from the source. Assuming geometrical spreading like 1/√r (where 234 

r is the source-receiver distance), we estimate a reduced pressure of ~23 kPa (0.2 bars) by 235 

extrapolation back to 1 km (red line in Fig. 4). These pressures are so high that they imply the 236 

actual “source” was larger than 1 km (radius), and we consider 23 kPa a lower bound for reduced 237 

pressure. Long wavelength infrasound at distances less than the thickness of the atmosphere would 238 

be expected to decay approximately like 1/r, since wavefronts would be approximately 239 

hemispherical, like seismic body waves. Including this near field term, we estimate an upper bound 240 

of 170 kPa for reduced pressure. Comparison of these values with those from other eruptions (see 241 

Supplemental Appendix S2) suggests the 15 January HTHH eruption was in the VEI 5-6 range. 242 

 243 

Figure 4. Peak pressure amplitude of the Lamb wave vs. distance. Zero-to-peak pressure 244 
amplitude was measured on waveforms from 156 barometric stations available from the IRIS 245 
Data Management Center (DMC), after filtering between 0.0001 and 0.5 Hz. Extrapolating back 246 
to 1 km distance, assuming cylindrical wavefronts (dashed black line) suggests a reduced 247 
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pressure of 23 kPa. Adding a near field term that represents spherical wavefronts in the first 100 248 

km (solid black line) suggests a reduced pressure of 170 kPa. 249 

 250 
By manually picking the Lamb wave arrival at several dozen stations and performing a 251 

linear regression on arrival times versus distance, we determined a far-field speed of ~314 ± 3 m/s. 252 

This agrees with the theoretical predicted speed of 312 m/s for a Lamb wave (Bretherton, 1969). 253 

In the very near-field the shockwave may have traveled much faster than this, perhaps reaching 254 

distant stations up to 1 minute sooner. As best as we can determine, infrasound radiation indicative 255 

of an eruption began at ~0408 UTC ± 1 minute, and the Lamb wave emerged at ~0415 ± 2 minutes 256 

(consistent with the Mw5.8 volcanic eruption), peaking around ~0429 ± 2 minutes. 257 

4.3 Seismic Observations and Initial Constraints on the Source Mechanism 258 

Global seismic stations have widely recorded coherent seismic signals from the eruption (Figure 259 

5a). Consistent polarities over the full range of azimuths (Figure 5b) indicate that these waves are 260 

not caused by shear faulting. Possible source mechanisms are likely to include vertical force, 261 

explosion, and implosion. The USGS reported a surface-wave magnitude 5.8 event for the 262 

eruption, with an origin time of 04:14:45 15 January 2022 (UTC), located at 20.546°S, 175.390°E 263 

(USGS, 2022). Based on teleseismic waves, Poli and Shapiro (in submission) provides an 264 

estimation of VEI=6 for the HTHH eruption, putting it among the largest volcanic eruptions ever 265 

recorded. 266 

To better understand the source time functions of the HTHH eruption, here we directly 267 

stack the P wave arrivals at teleseismic distances of 70—90 degrees, where the seismic recordings 268 

are the densest, and coherent among different stations. This approach is somewhat similar to the 269 

direct stacking of teleseismic P waves for source time functions of deep-focus earthquakes 270 

(Houston and Vidale, 1994). Specifically, P wave arrivals were picked and traces were aligned and 271 

stacked according to the picked times (Fig. 6a). The stacked ground velocity and displacement  272 
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 273 
Figure 5. Map of global seismic stations (a) and recorded waveforms of the HTHH eruption (b). 274 

In (a), blue triangles are stations and the red dot is the HTHH volcano. In (b), the waveforms are 275 
vertical-component ground displacements, bandpass filtered within [10s 100s]. Theoretical 276 
traveltime curves, calculated using 1d Earth model (Yu et al., 2017) for the phases, P, PP, PPP, 277 
PcP, S, are shown. 278 

 279 
 280 
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 281 
Figure 6.  (a) Ground velocity seismograms, high-pass filtered with a corner frequency 0.01 Hz. 282 

Seismograms are aligned based on the picked P travel times. The seismograms are; (b) stacked 283 

ground velocity; (c) stacked ground displacement showing four episodic seismic events, E-1 to E-284 

4. 285 
 286 
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 287 
Figure 7. Comparison of globally stacked seismograms recording ground displacement (a), ground 288 

velocity (b), and the barometric pressure record (c) at station MSVF in Fiji. All three waveforms 289 
are bandpass filtered within a period range [20s 100s]. 290 

 291 

seismograms (Fig. 6b and 6c) show four seismic events: E-1, E-2, E-3, and E-4, with similar 292 

waveforms, suggesting episodic eruptive activities. The final event (E-4) is very close to E-3 in 293 

time, and is also considerably smaller in amplitude than the first three events. Within the first 294 

300—400 s or so, a good correlation can be seen between the globally stacked seismograms (Fig. 295 

7a and 7b) and the barometric pressure waveform recorded at a nearby station in Fiji (Fig. 7c), 296 

which is ~757 km away from HTHH. This correlation confirms that eruptive events generate both 297 

seismic signals and atmospheric pressure waves. 298 

4.4 Preliminary Volcanological Results 299 

Based upon the lightning detection record (Figure 2; Churchill, unpublished 300 

footage;  LightningOnDemand, unpublished footage) as a proxy for plume activity (Hoblitt, 1994; 301 
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Lane and Gilbert, 1992), GOES-17 and Himawari-8 satellite imagery of 10.3 micron IR during the 302 

paroxysmal 15 January eruption (Khlopenkov & Bedka, unpublished footage; Bates & Carlowicz, 303 

2022) and Global Volcanism Program reports (Global Volcanism Program, 2022a,b,c), peak and 304 

average volumetric discharge and mass flow as well as total eruptive volume and mass can be 305 

estimated based on a scaling relationship between plume height and discharge (Carey & Bursik, 306 

2000; see Appendix S4 for a more detailed explanation of our calculations). These are crude 307 

estimates since the role of external water has not been accounted for explicitly. The ingress of sea 308 

water enhanced the convective region of the volcanic plume (Koyaguchi & Woods, 1996; Mastin, 309 

2007) as magma enthalpy converted sea water to buoyant steam. Based on the lightning proxy, 310 

satellite imagery and eye witness accounts, the eruption duration was circa 12±2 hours. Infrasound 311 

analysis (Fig. 3), Lamb wave measurements (Fig. 4), and satellite footage (Khlopenkov & Bedka, 312 

unpublished footage; Bates & Carlowicz, 2022) suggest the eruption may have initiated as early 313 

as 0402±1 UTC 15 January 2022, ~13 minutes before the Mw5.8 event origin time reported by 314 

USGS (2022). During the first 29 minutes of the eruption the plume grew to a colossal peak height 315 

of 58 km in the mesosphere, and then oscillated in the 45—50 km range until at least 0520 UTC 316 

(Khlopenkov & Bedka, unpublished footage; Bates & Carlowicz, 2022).  For the following ~4 317 

hours the plume top decreased with some minor oscillations from ~37 km to ~28 km, and continued 318 

to decrease until the eruption ceased (Khlopenkov & Bedka, unpublished footage; Bates & 319 

Carlowicz, 2022). We surmise that breaching of the magma chamber occurred at depth at 320 

0402±1UTC, after which a bubbly, gas-laden and fragmenting magma made its way towards the 321 

surface. The exponential increase in eruption intensity at 0408 UTC could reflect the transition 322 

from surtseyan to subplinian activity, with the change to phreatoplinian activity marked by intense 323 

explosions beginning at 0414±2 UTC and peaking at 0429±2 UTC—the likely source of the 324 

Jo
urn

al 
Pre-

pro
of



 

18 
 

incredibly large Lamb waves, tsunami, ground-coupled airwaves, meteo-tsunami, and colossal 325 

amounts of volcanic lightning. 326 

Based on these first-order observations, peak volumetric discharge and mass flow rates of the 327 

volcanic plume are ~9x105 m3/s and 1.3x109 kg/s, respectively, given a mean column density of 328 

1500 kg/m3 typical of phreatoplinian volcanic columns (e.g., Sparks et al, 1997). Integration of the 329 

plume height time series reconstructed from imagery gives a preliminary total eruptive volume of 330 

1.9 km3, corresponding to an eruptive mass of ~2,850 Tg. Explosive activity was aided by the 331 

relatively high concentration (~5 wt.% H2O) of juvenile (magmatic) H2O dissolved in the pre-332 

eruptive melt, assuming that pre-eruptive wt.% H2O is consistent with eruptive products from 2009 333 

and 2014-15 (Colombier et al., 2018; Brenna et al., 2022), which is a reasonable preliminary 334 

approximation. A high magmatic volatile content presumably increased the depth in the volcanic 335 

conduit at which magma fragmentation occurred, supercharging the later and shallower exchange 336 

of heat between already-fragmented magma and sea water, and affording the rapid flashing to 337 

steam with attendant enormous increase in volume. The conversion of pressure—volume work 338 

associated with the expansion to kinetic energy and vertically-directed momentum coupled to 339 

enhanced plume buoyancy enabled the vigorous plume to develop with associated atmospheric 340 

shock waves. As a crude estimate, if the mass fraction of sea water constituted 15% of the eruptive 341 

product, then the flashing of sea water from liquid to steam contributes ~2300 km3 of volume 342 

expansion (Haar et al., 1984) when heated to magmatic temperatures. Indeed, a unique aspect of 343 

the HTHH eruption was the ingress of seawater (external, not magmatic water) and its phase 344 

change to a supercritical fluid. The PV work done pushing the atmosphere away from the eruptive 345 

vent constitutes an approximate mechanical energy of ~2x1017 J, which is in relatively good 346 

agreement with preliminary blast energies associated with atmospheric shock waves of 4-18 MT 347 

Jo
urn

al 
Pre-

pro
of



 

19 
 

(see Appendix S2). Finally, the thermal energy of the eruption estimated at ~1019 J implies the 348 

conversion of thermal energy to blast energy was ~2%, well below the ideal Carnot cycle limit of 349 

~80% for the conversion of heat to work. This is expected for the far-from-equilibrium dissipative 350 

phenomena associated with violent volcanic eruptions with attendant shock waves, tsunami and 351 

ground motions, and the violent expansion of heated sea water. The estimates made here are 352 

preliminary and remain to be refined, in some cases perhaps profoundly, as more complete analysis 353 

is made. 354 

4.4 Tsunami Observations and Initial Modeling Results 355 

The tsunami waves induced by the eruption were observed around the world (Adam, 2022; Kubota 356 

et al., submitted; Kataoka et al., submitted; Ramírez-Herrera et al., submitted; Tanioka et al., in 357 

review). We note that tidal data collected along the coast of Mexico (Ramírez-Herrera et al., 358 

submitted) and at La Jolla, CA (Supplementary Table S4) showed strong signals for >100 hrs, as 359 

if the ocean was sloshing around. Similar measurements were made in Naples, which is close to 360 

the antipodal site from HTHH. The cause of this is not fully known, although it aligns with two 361 

different arrival times of waves: one at the normal gravity wave speed that most tsunami exhibit, 362 

and another arrival time corresponding to the acoustic waves that were also observed in the 363 

atmosphere (Fig. 3). These latter waves are similar to meteo-tsunami, waves caused by 364 

atmospheric pressure disturbances that are often also associated with resonance effects and also 365 

with bathymetric effects (Saito et al., 2021). 366 

In terms of the modeling efforts of the tsunami, the major efforts from the National 367 

Tsunami Warning Center (NTWC) have centered around using the Deep Ocean Assessment and 368 

Reporting of Tsunamis (DART) buoy network in the Pacific to invert a set of Green’s functions 369 

that could reconstruct the gravity wave components of the waves (the atmospheric signal was 370 
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detected but was filtered out; NOAA Center for Tsunami Research, 2022). While this did represent 371 

the far-field gravity wave-based tsunami fairly accurately, the near-field will require significant 372 

computational resources to understand the true nature of the source mechanisms for even the 373 

gravitational wave. Several recent studies have modeled the initial tsunami waves as induced by 374 

atmospheric waves propagating at the speed of sound (i.e., the Lamb waves; e.g., Amores et al., 375 

in submission; Kubota et al., in submission), and subsequent tsunami as scattered waves by small 376 

islands in the Pacific Ocean.                                  377 

 378 

 379 

Figure 8. Three-day record of La Jolla tidal station, at Scripps Pier. Tidal gauges are in a room in 380 
the southwestern corner of the building at the end of the pier. The vertical scale is in meters relative 381 

to the average value of each day’s record. Mean sea level is at approximately zero, but varies 382 
slightly between records. The tsunami produced by the 15 January HTHH eruption arrived at La 383 
Jolla at approximately 0400 UTC on 16 Jan 2022 (0800 PST on 15 January), with disturbances of 384 
tens of cm for many hours. 385 
 386 

5. Great Research Opportunities 387 
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The cataclysmic 15 January eruption of HTHH presents a rare opportunity for researchers to 388 

explore new problems in volcanology, petrology and geochemistry, seismology, tsunamigenesis, 389 

infrasonics, atmospheric and climate science, physical chemistry, applied mathematics, and fluid 390 

dynamics and mechanics. As such, examining the events surrounding the HTHH eruption will 391 

require multidisciplinary collaborations. We illustrate this modus operandi in Fig. 9 below, and 392 

emphasize that the interdisciplinary effort needed to approach these problems is reflected in—but 393 

can certainly not be limited to—the composition of this writing team. 394 

 395 

Figure 9. An illustration of the real necessity for a multi-disciplinary team to understand the 396 
cataclysmic 15 January 2022 eruption of Hunga Tonga-Hunga Ha’apai Volcano. Seismologists 397 
alone cannot understand this unique phenomena, and other disciplines are needed because an 398 

understanding of pre-eruptive volcanological events, as well as the physics and chemistry of the 399 
eruption itself, is inherently necessary to successfully address these novel research questions. 400 
Solutions to such complicated problems will require an increased demand in computational power 401 

and storage, and the implementation of applied mathematics, including machine learning. 402 
 403 

This study represents a first attempt at understanding the mechanics of this historic eruption, 404 

and we now wait for further, much-needed data—especially bathymetric measurements, petrologic 405 
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and geochemical analyses—to be collected so that the scientific community can have a better 406 

understanding of these events. Geophysicists and seismologists will need to work together closely 407 

with volcanologists, igneous petrologists, geochemists, applied mathematicians, and physical 408 

chemists to better understand the syn-eruptive mechanics of phreatoplinian eruptions, as well as 409 

the pre-eruptive processes which primed HTHH for this historic eruption. This is necessary 410 

because the triggering mechanisms and thermochemical reactions of these violently explosive 411 

eruptions must be understood before developed seismic, tsunami, or atmospheric models can be 412 

properly reconciled and the implications for hazard analysis can be properly considered. 413 

This rare volcanic event introduces new areas for fundamental research in volcanologically-414 

induced tsunamigenesis, atmospheric physics, and wave generation. We present some possible 415 

avenues for exploration in these fields by raising questions for which answers are desperately 416 

needed, such as: 417 

1. Can a simplified 1-D tsunami excitation model be applied to tsunami waves generated by 418 

caldera collapse or explosion mechanisms? 419 

2. What does the excitation model for these wave types look like? 420 

3. Could localized 3-D models for caldera collapse (e.g., Tinti & Armgliato, 2003; Tinti et 421 

al., 2006) be used to model the HTHH eruption by using a not-mass-movement forcing 422 

model? 423 

4. Could 3-D models for megathrust earthquakes that consider elastic as well as fluid 424 

dynamics (e.g., Saito and Furumura, 2009, or Saito and Kubota, 2020) be used to model 425 

the HTHH eruption? 426 
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5. What is the excitation distribution for the explosive component of a volcanic eruption when 427 

coupled with a landslide and/or caldera collapse? And how might nonlinear inversion 428 

models need to be adapted to account for these complex excitation mechanisms? 429 

6. Can the complex seismic source time function be interpreted by the various magmatic and 430 

eruptive processes? Is a single-force model (Kanamori & Given, 1982) sufficient for 431 

modeling the seismic wavefield? Do we need a sequence of moment tensor sources and 432 

single-force sources to model the observed seismic fields? A joint inversion of seismic and 433 

tsunami waves (e.g., Ioki & Tanioka, 2011) should be carried out once tsunami data has 434 

been fully processed by Japanese researchers or NOAA, as such a modeling effort will 435 

provide us a great tool to understand the forces of the epic eruption of HTHH. 436 

7. To what extent were the long-lived meteotsunami waves affected by the atmospheric 437 

pressure waves, as depicted in Figure 10? And how might tsunami propagation calculations 438 

(e.g., Thurey et al., 2007, and Schmidt et al., 2010) need to be adapted to account for such 439 

a mechanism? 440 

8. What new knowledge can be gleaned from satellite observations of the eruption? 441 

9. What thermochemical reactions are necessary to generate a far-reaching pressure wave? 442 

10. How might complex wave interactions between the atmosphere and the ocean affect global 443 

wave propagation, and are these interactions globally recorded on tidal gauges and DART 444 

buoys? 445 

11. Can detailed 3D eruption column thermodynamic and dynamic models be used to quantify 446 

the role of seawater ingress and juvenile magmatic dissolved volatiles on the dynamics and 447 

electrostatic properties of tall volcanic plumes (Méndez Harper et al., 2020), such as the 448 

58 km plume produced by HTHH? 449 
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The importance of understanding the source mechanism for this eruption cannot be 450 

understated. Even cutting-edge augmented reality (AR) tsunami-warning system efforts 451 

(https://www.zilizhou.com/tonga; Zhou, unpublished dissertation proposal) which can estimate 452 

arrival times and amplitudes at given locations through use of an app must still rely on equations 453 

that accurately capture the source mechanism. Thus, even the most advanced of warning systems 454 

is susceptible to holes in our scientific knowledge. 455 

 456 
Figure 10. Cartoon schematic illustrating how the eruption dynamics could produce tsunami 457 
waves with an unusual type of forcing from atmospheric pressure. These phenomena are very 458 
unusual and cannot be explained by conventional models that rely on the displacement of water 459 

by mass movement from earthquakes. 460 

 461 

More than ever, this unprecedented eruption calls attention to the need for high-462 

performance computing to describe these new phenomena, and address the above research 463 

questions and those that will undoubtedly follow. Scaling equations for the dynamics of volcanic 464 

eruptions (Woods, 2001) would complement current studies which examine how condensable gas 465 

Jo
urn

al 
Pre-

pro
of

https://www.zilizhou.com/tonga


 

25 
 

jets present in submarine eruptions (Calahan & Dufek, 2020). Geoclaw tsunami modeling software 466 

developed by Berger et al. (2011) would require the use of parallel high-performance computing, 467 

and robust code needs to be generated to adapt the submarine landslide models of Heinrich et al. 468 

(2001) to account for the presence of a pressure wave in tsunamigenesis. To resolve these novel 469 

phenomena will require massive computational resources—we estimate ~100 million hours of 470 

high-performance computing time are needed, as well as a few hundred petabytes of cloud-based 471 

memory. We stress here that the computational requirements for this problem far exceed those 472 

required to model the 2004 Sumatra tsunami or the 2011 Tohoku-oki tsunami, as there are multiple 473 

types of waves that must be analyzed and modeled, and the effects of inter-wave interactions and 474 

other non-linearities are currently unknown. 475 

The opportunity to address novel phenomena in the Earth Sciences does not come around 476 

often, and we believe that this presents an ideal opportunity alongside traditional science HPC 477 

support for companies with a cloud computing structure—such as Microsoft, Amazon, and IBM—478 

to support the sciences in their quest to understand the physics of events which had never before 479 

been recorded on modern instruments. 480 

6. Concluding Remarks 481 

The destructive events of 15 January 2022 allow us to review the eruptive history of HTHH in a 482 

new light, as this very likely was a caldera-forming or caldera-modifying event. Large-scale 483 

explosive eruptions are more common at evolved dacitic-to-rhyodacitic systems, such as Pinatubo, 484 

Tofua, Krakatau, Rotorua, Raoul, and Santorini. However, repeated eruptions of pumice rafts in 485 

the South Pacific (Bryan et al., 2004; Taylor et al., 2016; Knafelc et al., 2020) and near Japan 486 

(Fiske et al., 2001; Geshi et al., 2022; Yoshida et al., in review) could imply these are more 487 

common than previously anticipated. Volcanoes of the Babuyan Archipelago pose a specific 488 
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tsunamigenic threat to countries (and any highly populated urban centers) bordering the South 489 

China Sea, as Didicas and Babuyan volcanoes are capable of producing explosive (VEI ~4) 490 

phreatomagmatic eruptions, but have no permanent monitoring networks established (Paris et al., 491 

2014; Terry et al., 2017). Further, the threat of submarine explosive eruptions and subsequent 492 

tsunami is not limited to the Pacific and Indian Ocean regions. The vent of Kick’em Jenny Volcano 493 

in the Lesser Antilles is located only ~150 m b.s.l. and the volcano has had numerous explosive 494 

eruptions since 1939, presenting significant hazards to Caribbean Island nations, the Americas, 495 

and countries around the Atlantic Rim (Harbitz et al., 2012; Day, 2015). This newest eruption of 496 

HTHH highlights the need to better understand mafic-to-intermediate stratocones at inter-oceanic 497 

arcs worldwide as, under the right conditions, they may produce cataclysmic, caldera-forming 498 

eruptions with global impact. 499 

This momentous event also puts a spotlight on the nature of phreatoplinian eruptions 500 

(Houghton et al., 2015), and the novel type of tsunami waves they are capable of producing. We 501 

present a new mechanism from the introduction of supercritical fluids at the eruption site which 502 

caused their dramatic volumetric expansion and contributed to instabilities in magma flow (Wylie 503 

et al, 1999), producing excitations of the Earth’s entire atmosphere, and generating unusually fast 504 

tsunami waves and unusually long-lived meteotsunami. This complex tsunamigenic scenario 505 

involves volcanology, petrology, and an understanding of eruption triggering mechanisms and the 506 

particular forces governing volcanic eruptions—an entirely different animal than traditional 507 

subduction zone earthquake tsunami generation models. The mechanisms of earthquakes are 508 

governed by nearly-instantaneous elastic and viscoelastic forces, whereas volcanic eruptions 509 

operate on timescales that are orders of magnitudes longer. This difference comes from the thermo-510 

chemical evolution of multi-phase flow with supercritical physico-chemical properties (Blundell 511 
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& Blundell, 2009), such as viscosity and thermal expansivity. Thus, computational volcanology 512 

presents much greater difficulties than computational seismology. The statistics governing large 513 

tsunamigenic earthquakes are quite different from those describing tsunamigenic volcanic 514 

eruptions, and one must apply probability distributions to these types of events, which are much 515 

more difficult to evaluate than the well-defined Gutenberg-Richter relationship. This study 516 

represents a first attempt at understanding the mechanics of this historic eruption, and we now wait 517 

for further, much-needed data (bathymetric measurements, petrologic and geochemical analyses) 518 

to be collected so that the scientific community can have a better understanding of these events. 519 

The cataclysmic 15 January eruption of HTHH presents a once-in-a-lifetime opportunity 520 

for young researchers to explore new, interdisciplinary problems in volcanology. Magmas that 521 

originated from Earth’s mantle would later form the same eruption plume that traveled into Earth’s 522 

stratosphere, initiating unprecedented atmospheric waves that traveled the globe. Truly, this was 523 

an event that requires the attention of Earth scientists from all fields and backgrounds to understand 524 

its interdisciplinary nature. It may take many decades to flesh out the exact nature by which 525 

phreatoplinian eruptions generate fast-moving tsunami, atmospheric gravity waves, and 526 

disproportionately high eruption plumes. Nevertheless, we are very excited to see what discoveries 527 

the future holds. 528 
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